Mucormycosis caused, in part, by representatives of the genus Cunninghamella is a severe infection with high mortality in patients with impaired immunity. Several species have been described in the literature as etiologic agents. A DNA barcoding study using ITS rDNA and tef-1α provided concordance of molecular data with conventional characters. The currently accepted Cunninghamella species were well supported in phylogenetic trees of both markers except for C. septata with ITS that clustered in the C. echinulata clade. Sequence variability was distinctly higher for the ITS than for tef-1α. Intraspecific ITS variability of some of the species exceeded that between some closely related species, but the marker remained applicable for species identification. The most variable species for both markers was C. echinulata. Cunninghamella bertholletiae is the main pathogenic species; infections by C. blakesleeana, C. echinulata, and C. elegans are highly exceptional.
Introduction
Cunninghamella is a genus in the order Mucorales covering species with distinctive morphological features. The erect sporophores with balloon-shaped branches producing synchronous single-spored sporangiola are unique within the fungi, and as a result, Cunninghamella was formerly classified as the only member of a separate family, the Cunninghamellaceae [1] . However, DNA sequence clearly demonstrates that Cunninghamella is monophyletic and the genera Absidia, Halteromyces, and Chlamydoabsidia are the closest relatives in the extended Cunninghamellaceae [2, 3] .
Cunninghamella species are saprobes that are isolated from soil, decaying fruit, or rotten wood. In humans, severe disseminated infections have occasionally been observed. But during the last decades there has been a significant increase in the number of mucoralean that is correlated with growing patient populations with impaired immunity and uncontrolled diabetes. Judging from literature data, Cunninghamella predominantly infects hematological patients. Recently Gomes et al. [4] published the following data relative to the underlying clinical conditions of patients with C. bertholletiae infections, in other words, leukemia 51%, diabetes mellitus 19%, nonmalignant hematological diseases 16%, deferoxamine-based therapy 12%, solid organ transplantation 9%, and other diseases 13%. In two cases Cunninghamella infections were reported from otherwise apparently healthy patients [5, 6] .
Since 1990, more than 40 cases of infection by Cunninghamella species have been published [7] . In an epidemiology study of mucormycoses in Europe, Cunninghamella proved to be a relatively rare etiologic agent of the disease accounting only for about 5% of the cases [22] . However, among opportunistic Mucorales, infections caused by C. bertholletiae have the poorest prognosis [4] , possibly due to limited treatment options. The antifungals of choice against mucoralean infections, in other words, amphotericin B and posaconazole, showed reduced activity against Cunninghamella strains [8] . In vitro, C. echinulata and C. blakesleeana showed higher MIC values than C. bertholletiae against AmB, posaconazole and itraconazole [9, 12] . Given the severity and high mortality of these infections, and species specific differences in the antifungal susceptibility [9] , the distinction of species of the genus Cunninghamella is of prime importance.
Currently 12 species are accepted in Cunninghamella [10, 11] , which are all taken to be saprobic. Four of these have been reported to cause human infection, with C. bertholletiae being the most frequent recovered, accounting for >90% of cases [7] . Cunninghamella elegans was isolated from a lung biopsy specimen [3] , and recently, C. blakesleeana [12] and C. echinulata [13] were described causing infections in two patients with neutropenia; infections by the latter species had been reported earlier by Lemmert et al. [14] .
The knowledge of molecular variability within the species and species limits is of prime importance to the development of molecular diagnostics. In Cunninghamella, only one molecular phylogenetic tree based on the rDNA Internal Transcribed Spacer (ITS) of 20 strains has been published so far [15] . The study nicely shows the suitability of the ITS for species identification in Cunninghamella, but the intraspecific variability of many species cannot be assessed because of the low number of isolates per species that have been investigated. A recent DNA barcoding study of the Mucorales with focus on the Mucoraceae [3] provided numerous ITS sequences of Cunninghamella species without a phylogenetic analysis. The sequence data of this study revealed a wide range of intraspecific ITS sequence variability within the genus Cunninghamella ranging from 0.9% in C. blakesleeana to 13.3% in C. echinulata, suggesting the involvement of more than one species in the latter. The present article therefore addresses the questions: Are the species limits especially of the clinically relevant taxa well defined in ITS phylogenies including the entire known diversity of the species? Is the topology of the ITS trees supported by a second phylogenetic marker, the partial Translation Elongation Factor-1α (tef-1α)? And does the tree topology of tef-1α contradict the single species concept of species with a high intraspecific variability such as C. echinulata? We focus on the position of clinical strains in phylogenetic trees and discuss their ecology and hypothetical infective potential.
Materials and methods

Strains
Thirty-three isolates of Cunninghamella were studied, comprising eight species: C. bertholletiae, C. binariae, C. blakesleeana, C. clavata, C. echinulata, C. elegans, C. homothallica, and C. vesiculosa originating from the reference collection of the Centraalbureau voor Schimmelcultures (Utrecht, The Netherlands) (Table 1) ; the set included nine ex-type strains. Five isolates were from clinical origins, 12 were environmental, and 16 were from unknown sources. Lyophilized strains were transferred to 5% malt extract agar (MEA; Oxoid, Basingstoke, UK) in 8 cm culture plates and incubated at 30
• C for 3 days.
Morphology
One or two abundantly sporulating strains from each species were selected to examine macro-and microscopic morphology. Slides were made using cotton blue as a mounting fluid. Sporulation was determined in cultures on Potato Dextrose Agar (PDA; Oxoid) derived from inocula GenBank search, alignment, and phylogenetic reconstruction
All ITS sequences of Cunninghamella species that were available in GenBank were checked for their length, quality, and uniqueness. In total, 63 ITS sequences were retained including 40 sequences of the DNA barcoding study on Mucorales [3] that have not been analyzed phylogenetically. For 11 clinical Cunninghamella strains species identification was confirmed by our sequence analyses ( Table 2) . For the clinical strain UAMH 11661 of C. echinulata only a LSU sequence was available. In this case species identification was confirmed by alignment using a set of LSU sequences (data not shown). ITS and tef-1α sequence data were edited in SeqMan (DNAStar-Lasergene, Madison, WI, USA) and aligned using the server version of the MAFFT program (www.ebi.ac.uk/Tools/mafft) with manual correction using the program Se-Al v. 2.0a11 [17] . Halteromyces radiatus was chosen as outgroup because it was shown to belong together with Absidia and Chlamydoabsidia to the sister clade of Cunninghamella [2, 3] . The server version of Gblocks [18] was used to exclude positions of the ITS alignment that were too heterogeneous for reliable phylogenetic analyses. Molecular phylogenies were estimated using the maximum 
Results
Ten strains belonging to eight statistically supported species clades (below) were observed by culture and microscopy. The characteristics of Cunninghamella were consistent with the descriptions and key features given in the monograph of the genus [10] . Sequence variability was distinctly higher for the ITS than for tef-1α. The ITS alignment including the outgroup sequence had a length of 1160 nucleotides of which only 440 were conserved, while 615 were parsimonyinformative. The tef-1α alignment including the outgroup sequence had a length of 568 nucleotides of which 410 were conserved and of the variable ones 91 were parsimonyinformative. The currently accepted species were well supported in the trees of both markers (Figs 1, 2 ), except C. septata which was positioned in the C. echinulata clade of the ITS tree. The ITS1 sequence of C. septata contained a 37 bp long insertion. Different from the ITS tree, the backbone of the tef-1α tree was resolved due to a distinctly higher proportion of characters that are conserved for subgroups within Cunninghamella. Figure 2 shows phylogenetic relationships within Cunninghamella; the maximum growth temperatures of the species are taken from Zheng and Chen [10] . The two highly thermotolerant species, C. bertholletiae and C. echinulata, were found to be distantly related, suggesting that the ability to grow at temperatures above 40
• C has evolved twice or was lost in the remaining species. The most variable species for both markers was C. echinulata. Four morphological varieties are known in this species: var. antarctica, var. echinulata, var. nodosa, and var. verticillata (syn. C. bainieri). The ex-type strains of the varieties differed in their ITS sequences and partly in their tef-1α sequences, but they did not form separate clades (Figs 1, 2 ). In the ITS tree two supported subclades were observed within C. echinulata (highlighted in green and blue in Fig. 1 ). The blue subclade was also supported in the tef-1α tree (Fig. 2) , while the green ITS subclade was not resolved in the tef-1α tree. Genetic distances among the eight species were 3.0%-14.3% in the tef-1α gene and 9.1-50.0% in the ITS region. Intraspecific variabilities were 0-1.9% in tef-1α and 2.9%-14.4% in ITS (data not shown); in general variability was distinctly higher in ITS than in tef-1α. The highest intraspecific ITS heterogeneities were found in C. clavata and C. echinulata with 14.4% and 13.47%, respectively, and exceed interspecific distances between closely related species.
Approximate clinical significance of species was evaluated on the basis of proven cases of which species identities were confirmed by sequencing. Of our set of strains studied, eleven originated from human sources ( Table 2) . Six of these concerned proven invasive cases: three strains were isolated from lung tissue, one from heart tissue, one from a right tibia, and one from a nasal cavity tissue. Five of the patients with deep infections had underlying hematological disorders including leukemia and lymphosarcoma, and presented with conditions of lowered immunity; the underlying disease of the sixth case is unknown. The strains causing invasive infections were identified as C. bertholletiae (four cases), C. blakesleeana (one case), and C. echinulata (one case). The remaining five strains were derived from clinical samples such as sputum but without proven infection. The clinical strains, except C. echinulata (GenBank JX966103, LSU) are marked with red strain numbers in Figures 1  and 2 .
Discussion
Like many other genera of Mucorales, Cunninghamella has traditionally been distinguished by its pronounced morphology [10, 11] . Diagnostic characteristics have been color and texture of colonies, branching patterns of sporophores, shape and dimensions of vesicles and sporangioles, and presence and length of spines on sporangioles. In addition, homothallic vs. heterothalllic zygospore formation and maximum growth temperatures are recorded [10] . Zheng and Chen [10] were able to segregate the 12 currently accepted Cunninghamella species based on morphological traits, maximum growth temperature, and mating systems (homo-vs. heterothallism). In our study, all strains grew fast and had highly similar colony colors and textures. While some species have characteristic features, distinction of all species by microscopy requires extensive experience. In addition, some distinguishing characters such as the giant conidia of C. echinulata are not formed by all strains [20] .
ITS is highly variable within the genus. In agreement with Su et al. [21] and Liu et al. [15] we found that the ITS tree topology also for our extended set of sequences is consistent with current species boundaries in Cunninghamella based on phenotypic characters (Fig. 1 ) except for C. septata that shared the clade with C. echinulata. Also in the tef-1α tree species are supported, and, in contrast to that of the ITS tree, the backbone of the tree is well resolved (Fig. 2) allowing conclusions on the relations among Cunninghamella Figure 1 . RAxML phylogram of Cunninghamella based on the ITS region. Ambiguously aligned positions of the ITS were excluded by using Gblocks [17] . Branches with bootstrap values of 75% or higher are printed in bold. Ex-type strains of currently accepted taxa are printed in bold and designated by: T = ex-type strain, IT = ex-isotype strain, NT = ex-neotype strain. Clinical strains are marked by red strain and GenBank accession numbers. species. Cunninghamella polymorpha has been considered as a synonym of C. bertholletiae on morphological grounds and mating tests; our findings support this viewpoint. In the ITS tree C. septata clusters in the same clade as C. echinulata [15] . Nevertheless, Zheng and Chen [10] retained its species status because of strong differences between both species in morphology and maximum growth temperature. Its slow growth, the absence of aerial mycelium and the low maximum growth temperature rather might indicate that C. septata could be a growth-reduced mutant of C. echinulata. The 37 bp insertion in the ITS1 region suggests that a separate taxonomic entity is concerned.
Cunninghamella echinulata has a very high degree of variability in ITS. CBS 148.29, morphologically assigned to var. verticillata [10] , and CBS 656.85 formed a supported clade in both phylogenetic trees, suggesting the existence of an additional phylogenetic species. However, Zheng and Chen [10] reported the frequent formation of zygospores of normal size, color, and ornamentation between var. echinulata and var. verticillata suggesting that both varieties belong to the same biological species. These data suggest the occurrence of high levels of genetic variability in mucoralean fungi.
Seven out of 11 clinical strains available during our study clustered in Cunninghamella bertholletiae, and four of them were derived from proven invasive cases (Table 2) . This matches with literature data where C. bertholletiae is seen as the prevalent clinical species [7] . Cunninghamella blakesleeana and C. echinulata were recently reported as causes of mucormycosis in two leukemic patients [9, 11] , and these identifications were confirmed by sequence data. One C. elegans strain had been isolated from human samples [3] but was not confirmed to cause disease. Compared with 42 cases caused by C. bertholletiae reviewed in literature [7] , we found both sets of patients showing similar characteristics, such as hematological malignancy being the most common underlying disease in Cunninghamella infections, while the respiratory system, especially the lung, was the most commonly involved organ.
Cunninghamella bertholletiae, C. echinulata, C. intermedia, and C. multiverticillata are the Cunninghamella species that grow well at 37
• C [10] , but only the first two species have been reported to cause infections. The maximum growth temperature of C. elegans as determined by Zheng and Chen [10] ranges from 34
• C to 36
• C depending on the strain. The clinical strain CNM-CM5114 of C. elegans has a maximum growth temperature of 35 • C (A. Alastruey-Izquierdo, pers. comm.) suggesting that the conditions inside the human body may affect the maximum growth temperatures of pathogenic fungi. In all four species the clinical strains cluster with the environmental ones suggesting that clinical isolates are environmental strains that cause opportunistic infections and renders a mammal-associated lifestyle unlikely.
In conclusion, morphologically defined species are well recognized in ITS and tef-1α based phylogenies without contradictions between the topologies. The presence of a well-supported subclade within C. echinulata in the phylogenies of both loci suggests the inclusion of at least one additional phylogenetic species. However, formation of zygospores between subgroups rather supports the current concept of a large species with several varieties. Sequence variability was distinctly higher for the ITS than for tef-1α. Intraspecific variabilities are high, and in case of the ITS they can exceed interspecific distances between closely related species. Nevertheless, reliable molecular species identification using ITS as well as tef-1α is possible for all Cunninghamella species including the clinically relevant C. bertholletiae, C. blackesleeana, C. echinulata, and C. elegans.
